Background: Low birth weight (LBW) has been associated with subsequent risks of obesity and certain chronic diseases, but evidence for the associations is limited for the Chinese population. Methods: In this study we analyzed data from two population-based prospective cohort studies, the Shanghai Women's Health Study and the Shanghai Men's Health Study, to examine the associations between LBW and the risk of obesity and chronic diseases. Birth weight was self-reported at baseline; anthropometric measurements were made at study enrollment. Type 2 diabetes mellitus (T2DM) diagnoses were self-reported, whereas hypertension diagnoses were based on self-report and blood pressure measurements at baseline and follow-up surveys. Results: Birth weight was available for 11 515 men and 13 569 women. Nonlinear associations were observed for birth weight with baseline body mass index (BMI), waist circumference (WC), waist: hip ratio (WHR), and waist: height ratio (WHtR; P < 0.05 for non-linearity), and LBW was linked with lower BMI, smaller WC, and larger WHR and WHtR. An excess risk of T2DM was observed for LBW (<2500 g) versus birth weight 2500-3499 g since baseline (hazard ratio [HR] 1.17; 95% confidence interval [CI] 0.92-1.49) and since birth (HR 1.29; 95% CI 1.07-1.54), whereas the HRs for hypertension since baseline and birth were 1.13 (95% CI 1.01-1.27) and 1.20 (95% CI 1.11-1.30), respectively. The risk of the diseases decreased as birth weight increased up tõ 4000 g; further increases in birth weight did not convey additional benefits.
Introduction
Epidemiologic studies conducted in both developed and developing countries, including Scandinavia, 1,2 the US, 3 India, 4 and China, [5] [6] [7] have shown that poor nutrition early in life, such as can be caused by fetal exposure to famine, leads to long-term negative health consequences, particularly in the presence of overnutrition in later life. 5 Birth weight is determined, in part, by intrauterine nutrition and shows a positive association with adult body mass index (BMI) 8, 9 and a negative or U-shaped association with abdominal obesity. 7, 10 For obesity-related diseases, a significant association has been observed between low birth weight and elevated risk of type 2 diabetes (T2DM) [11] [12] [13] [14] and hypertension. [14] [15] [16] It has been suggested that malnutrition in early life and overnutrition in later life may be the main drivers for the sharp increase in the prevalence of non-communicable diseases observed in developing countries. 17, 18 China has been experiencing an extremely rapid nutritional transition and has witnessed a sharp rise in the prevalence of obesity, T2DM, and hypertension over past half century, particularly during the past two decades. [19] [20] [21] [22] Several studies based on survey data in China have shown that early life exposure to the 1959-1961 Chinese famine had long-term adverse health consequences, including increased body mass index (BMI) 23, 24 and elevated risk of T2DM 5 and hypertension. 6, 23, 25, 26 Due to the lack of information on birth weight at an individual level, direct evidence from this population is limited. So far, very few studies have investigated the association between birth weight and subsequent obesity, 7, 27 whereas evidence is accumulating regarding an increased subsequent risk of T2DM 7, [27] [28] [29] and hypertension 7, 27 related to low birth weight. In this study we used the data from two large prospective cohort studies conducted in China, the Shanghai Women's Health Study (SWHS) and the Shanghai Men's Health Study (SMHS), to evaluate associations of birth weight with multiple anthropometric measurements and estimate the relationship between birth weight and subsequent risk of T2DM and hypertension. The results may help us understand the causes and challenges of obesity, diabetes, and hypertension in China, and develop preventative strategies for the diseases as high priority for population health in low-and middle-income countries.
Methods

Study population
The SWHS and the SMHS are both population-based prospective cohort studies conducted in Shanghai, China.
Details of the study methodologies have been reported previously. 30, 31 Briefly, women aged 40-70 years and men aged 40-74 years living in eight study communities were approached to participate in the studies. During the period 1996-2000, 74 942 women were recruited to the SWHS (participation rate 92.7%), whereas during the period 2002-2006, 61 480 men were recruited to the SMHS (participation rate 74.1%).
Baseline survey
At baseline, each participant completed an in-person interview that collected information on demographics, birth weight, whether participants were breastfed as infants, lifestyle habits, dietary intake, physical activity habits, occupational history, and history of chronic diseases. The study protocols were approved by the relevant institutional review boards of all institutes involved, and written informed consent was obtained from all participants.
Anthropometric measurements
At baseline, blood pressure, standing height (cm), body weight (kg), and waist and hip circumference (cm) were measured by trained health professionals according to standard protocols. Blood pressure was measured on the right arm using a standard mercury sphygmomanometer after participants had rested for at least 5 min. The first and fifth Korotkoff sounds were recorded. Standing height was measured to the nearest 0.1 cm without shoes. Body weight was measured to the nearest 0.1 kg using a digital scale that had been calibrated every 6 months. Waist circumference (WC) was measured 2.5 cm above the umbilicus and hip circumference was measured at the level of maximum protrusion of the gluteal muscles. Each measurement was taken twice with a tolerance of 1 mmHg for blood pressure, 1 cm for height and circumferences, and 1 kg for weight. If the difference between two measurements was greater than the tolerance, a third measurement was taken. The mean value of the two closest measurements was used in the present analysis. Body mass index was calculated as weight (kg) divided by height squared (m 2 ). The waist: hip ratio (WHR) and waist: height ratio (WHtR), which have been shown to be better anthropometric indicators for adult cardiometabolic risk than BMI, 32 were calculated by dividing WC by hip circumference (for WHR) and by standing height (for WHtR).
been diagnosed with T2DM or hypertension by a physician and asking whether participants currently used hypoglycemic or antihypertensive medications. Participants who answered "Yes" to a T2DM-related question were considered to have T2DM, and those who answered "Yes" to a hypertension-related question were considered to have hypertension. In addition, participants with two abnormal blood pressure measurements at baseline (systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg) were considered to have prevalent hypertension.
Cohort members were followed-up for incident T2DM and hypertension, with blood pressure measurements taking place every 2-3 years after baseline. The follow-up surveys for both cohort studies were organized by local health authorities. Therefore, home visits could be performed by trained retired nurses, which guaranteed high response rates of cohort members. For the SWHS, the response rates for the first Both prevalent cases at baseline and incident cases since baseline were regarded as incident cases since birth. The vital status of participants was updated by annual record linkages to the Shanghai Vital Statistics Registry and the Shanghai Resident Registry.
Statistical analysis
In all, 13 569 women and 11 515 men provided information on birth weight at the baseline survey and were included in the analyses. Participants were categorized into four groups according to birth weight (<2500, 2500-3499, 3500-3999 and ≥ 4000 g), with the 2500-3499 g group used as the reference category. Entry time was considered as time since birth or age at enrollment, which were used to calculate incidence since birth and since baseline, respectively. Exit time was defined as age at death, age at diagnosis of T2DM or hypertension, or last follow-up contact date, whichever came first. We did not observe significant heterogeneity between men and women in associations between birth weight and subsequent risk of metabolic disorders; thus, we combined the two databases in the analysis.
The potential curvilinear relationships of birth weight with risk of adult obesity, T2DM, and hypertension were evaluated using restricted cubic splines functions (RCS) 33 using the 5th, 25th, 75th, and 95th percentiles as fixed knots and the 50th percentile as the reference.
Age was included as a spline variable to minimize residual confounding. Logistic regression models (odds ratios [ORs] and 95% confidence intervals [CIs]) were used to estimate associations of birth weight with the prevalence of obesity, T2DM, and hypertension, whereas Cox proportional hazard models (hazard ratios [HRs] and 95% CIs) were used to estimate associations of birth weight with the incidence of the diseases since birth and since baseline. Potential confounders included in the models were age (as a continuous variable), sex (male/female), education (no formal education or elementary school, middle school, high school, and college or above, as dummy variables), per capita income (<5000, 5000-10 000, and > 10 000 RMB for women; <12 000, 12 000-24 000 and > 24 000 RMB for men, as dummy variables), cigarette smoking (never/ever), alcohol consumption (never/ever), regular exercise (never/ever), and having been breastfed (never/ever), which were collected at baseline.
All analyses were performed by using SAS version 9.1 (SAS Institute, Cary, NC, USA), and all tests of statistical significance were based on two-sided probabilities.
Results
The prevalence of low birth weight (<2500 g) was 5.3% in men and 6.9% in women (Table 1) . Men with higher birth weight, compared with those with lower birth weight, were older, more educated, more likely to use tobacco and alcohol, and were more likely to have been breastfed as infants, whereas women with higher birth weight did not differ in average age, cigarette smoking or alcohol consumption habits, but were more likely to have been breastfed.
As indicated in Table 2 , after adjusting for age, the average levels of BMI, WC, and WHtR increased as birth weight increased in both men and women (P trend < 0.0001). However, the age-adjusted mean WHR increased as birth weight increased, but only among men. The prevalence of T2DM and hypertension at baseline showed a U-shaped relationship with birth weight. Figure 1 shows a significant non-linear relationship between birth weight and obesity in adulthood. Body mass index at baseline decreased as birth weight increased up until approximately 2750 g, at which point BMI increased along with increasing birth weight, with a P-value for overall significance of <0.0001, a P-value for linearity of 0.0043 and a P-value for non-linearity of <0.0001. After adjusting for BMI, WC increased as birth weight increased (P-value for overall significance <0.0001; P-value for linearity = 0.0627; P-value for non-linearity = 0.0069), whereas WHR (P-value for overall significance <0.0001; P-value for linearity = 0.4045; P-value for non-linearity = 0.0199) and WHtR (P-value for overall significance <0.0001; P-value for linearity = 0.66; P-value for non-linearity <0.0001) increased until birth weight reached approximately 2750 g, after which WHR and WHtR decreased as birth weight increased. In addition, WHR increased further as birth weight increased past 4000 g. Table 3 lists multivariable-adjusted ORs and 95% CIs for baseline obesity according to birth weight. Compared with the median birth weight (3100 g), adjusted ORs for overall obesity at baseline associated with the 10th, 30th, 70th, and 90th percentiles of birth weight respectively. Conversely, the associations of birth weight with central obesity differed greatly by the measures used. A significant association was observed for central obesity defined by WHR and WHtR (P-value for overall significance <0.05), but not for that defined by WC (P-value for overall significance = 0.20). Moreover, the association was linear for central obesity defined by WC (P-value for non-linearity = 0.1381) and WHR (P-value for non-linearity = 0.7731), but non-linear for that defined by WHtR (P-value for non-linearity = 0.0068).
As indicated in Fig. 2 , the risk for T2DM and hypertension decreased as birth weight increased up to approximately 4000 g; further increases in birth weight did not appear to convey additional benefits (P-value for non-linearity <0.05 for the prevalence and incidence of T2DM and hypertension since birth, but P > 0.05 for incidence since baseline).
We further evaluated the associations of birth weight groups with the risk for T2DM and hypertension, and the results are presented in Table 4 . Compared with normal birth weight (2500-3499 g), participants with low birth weight (<2500 g) were at higher risk for T2DM and hypertension, whereas high birth weight (≥3500 g) was associated with a lower risk of both diseases.
Discussion
Using data from two prospective cohort studies of Chinese women and men, namely the SWHS and SMHS, we found non-linear associations of birth weight with adult body size and risk for T2DM and hypertension. Low birth weight was generally associated with lower BMI, smaller WC, larger WHR and WHtR, and a higher risk for T2DM and hypertension. These findings are in agreement with most previous studies and indicate an important role of intrauterine nutrition in the etiology of subsequent metabolic disorders. Low birth weight has been consistently associated with lower BMI but a higher risk of central obesity and metabolic syndrome in adults. 34, 35 The Thrifty Phenotype Hypothesis was proposed by Hales and Barker 36 to explain this pattern of associations. This hypothesis postulates that under conditions of suboptimal in utero nutrition, the fetus must adapt to its environment to ensure brain growth at the expense of other organs, such as the pancreas, heart, kidney, and skeletal muscle. 36 During the in utero period, metabolic programming that promotes nutrient storage occurs in order to provide a survival advantage under conditions of poor postnatal nutrition. However, these adaptations can lead to the subsequent development of metabolic diseases, particularly under conditions of adequate postnatal nutrition or overnutrition. 37 In the present study we found a J-shaped relationship between birth weight and BMI at baseline, when participants were aged 40-74 years. Our finding of the lower birth weight-lower BMI relationship is in agreement with most previous studies conducted in Western populations, 34, 35, 38 but is not consistent with studies conducted in Chinese adults. 7 Based on data from the 2002 Chinese Nutrition and Health Survey, Yang et al. 39 found that compared with women born in 1964, those born during the worst famine years (1959, 1960, and 1961 ) had higher BMI and a higher prevalence of overweightedness as adults. In a small-scale study conducted in Chinese adults with a mean (AESD) age of 46.2 AE9.9 years, a significantly higher BMI was observed among those with low birth weight. 7 The reasons for the inconsistency are not clear. However, low birth weight was complicated by presence of other qualitative or quantitative variables of social determinants for the nutrition transition in middle-income countries. 18 It is possible that the main problems may be unhealthy lifestyles in adulthood, which was not considered in the present and previous studies but is especially relevant in middle-income countries that are going through a rapid transition from traditional to Western life patterns, such as China or India, where the prevalence of Western diet, smoking, sedentary lifestyle, insecurity food safety, obesity, and diabetes has increased markedly while the birth of children with low birth weight is still quite prevalent. More studies focusing on the effect of birth weight are needed to confirm the relationship.
It has been suggested that adverse exposures in early life can "program" short stature and a predisposition to abdominal adiposity, as well as an insulin resistance and other cardiometabolic risk factors in adult life. 37 Low birth weight has been associated with a higher risk of central obesity, measured as WHR, after adjusting for adult BMI, 34, 40, 41 although results are not consistent. 38 Low birth weight was also linked to larger WC 7 and WHtR 42 in Asian populations. In the present study, we found that associations of birth weight with central obesity differed according to the measure of obesity being considered. Low birth weight was associated with smaller WC but larger WHR and WHtR. A non-linear analysis showed that WC increased as birth weight increased, whereas WHR and WHtR were higher at lower birth weights. These results indicate that Chinese men and women with low birth weight may have a relatively small body size (i.e. shorter stature and smaller waist and hip circumference). In this population, WHR and WHtR, which are considered superior to WC for predicting adverse health outcomes, 32 may be better indicators for birth weight-related central obesity.
Accumulating evidence suggests that poor growth in utero, and thus low birth weight, is associated with an increased risk of developing diseases such as T2DM and hypertension in later life. 43 Among individuals exposed to the Dutch Famine of 1944-45 during gestation, per kilogram birth weight was related to a 4.14-mmHg decrease in systolic blood pressure, a 2.09-mmHg decrease in diastolic blood pressure, and a 33% decrease in the risk of hypertension. 44 A similar association was observed among Chinese people with prenatal exposure to the worst years of the Chinese famine (1959-61). 25, 26 In recent years, a meta-analysis summarizing 27 original studies showed an inverse linear association between birth weight and later risk of hypertension. 45 Evidence is also accumulating for an association between low birth weight and risk of T2DM. [11] [12] [13] A 1991 study found that men with the lowest birth weight (<2.5 kg) were nearly seven-fold more likely to be glucose intolerant or have T2DM than men with the highest birth weight (>4.3 kg).
1 Among 7874 rural Chinese adults born between 1954 and 1964, fetal exposure to the most severe period of the Chinese famine appeared to increase the risk of hyperglycemia in adulthood, and the association was exacerbated by a nutritionally rich environment in later life. 5 Our findings of an elevated risk of T2DM and hypertension are consistent with these previous studies and provide further evidence supporting the Thrifty Phenotype Hypothesis proposed by Hales and Barker. 36 The present study found no heterogeneity between sexes for associations of birth weight with adult body Figure 2 Smoothed plot for multivariable-adjusted odds ratios (OR) or hazard ratios (HRs) for risk of (a) type 2 diabetes mellitus (T2DM) and (b) hypertension according to birth weight. The ORs were estimated by using a restricted cubic-spline logistic with five knots placed at the 5th, 25th, 50th, 75th, and 95th percentiles of birth weight, whereas the HRs were estimated by using a restricted cubic-spline proportional hazards model. The median value of birth weight (3100 g) was treated as the reference point. All ORs and HRs were adjusted for age, sex, education, income, smoking, alcohol consumption, and having been breastfed, from the Shanghai Women's Health Study and the Shanghai Men's Health Study.
size and related chronic diseases. This result is not consistent with a previous study in which only women exposed to famine conditions in utero or during infancy were observed to have a greater risk of developing hypertension. 26 The reason for this inconsistency is unclear. It is of note that in the present study 23.4% (143/610) of men with low birth weight were born during famine years, whereas only 2.9% (27/940) of women were born during famine years. Our results add evidence supporting a public health objective to reduce low birth weight in both sexes.
The strengths of the present study include the relatively large sample size and directly measured height, weight, and circumferences. However, several limitations should be acknowledged. First, birth weight was based on self-report. We included only approximately one-third of cohort members who answered the question on birth weight. Thus, both recall bias and selection bias are of concern. Second, a diagnosis of T2DM was also self-reported. It is estimated that approximately half of all people with T2DM in China remain undiagnosed. 20 Therefore, the association between birth weight and risk of T2DM may be biased towards null. Moreover, a residual confounding effect cannot be excluded, possibly due to the wide ranges of some categorical variables or unadjusted confounders, like adulthood lifestyle factors, social determinants, etc. Finally, the present study was conducted in urban Shanghai, the most economically developed city in China. The results in this population may not be applicable to other populations.
In conclusion, in the present study we found that low birth weight was associated with subsequent obesity and the prevalence and risk of T2DM and hypertension in Chinese men and women. The results suggest that nutrition in early life is of considerable importance to health in later life. Low birth weight should be considered as an important risk factor for obesity, diabetes, and hypertension in the general population and can be used to identify high-risk individuals. Moreover, the government should pay more attention to maternal health to reduce Table 4 Associations of birth weight with the risk of type 2 diabetes mellitus and hypertension, the Shanghai Men's Health Study and the Shanghai Women's Health Study the number of babies born with a low birth weight and thus to decrease the prevalence of obesity, diabetes, and hypertension in the general population in the long run.
